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By Robert J. Tapscott
SUMMARY

Flight measurements of some longitudinal static stability charac-
teristics with an overlapped-type tandem-rotor helicopter at low air-
speeds are presented. The data show that a critical amount of longl-
tudinal control is required to maintain trimmed flight at certain
combinations of airspeed and rate of descent. Estimates based on
theoretically predicted interference effects indicate that the front
rotor downwash acting on the rear rotor could cause variation of the
longitudinal moments of the same order of magnlitude as the measured
varistion.

INTRODUCTION

Studies of the stabillty characteristics of both single- and tandem-
rotor helicopters are being conducted to verify the continuing epplica-
bility of the existing criteris and, possibly, to reveal the need for
additional criteria to cover specific items. Experience with two types
of tandem-rotor helicopters (nonoverlapped no-vertical-gap type and over-
lapped with vertical-gap type) has shown that, in general, these heli-
copters are subject to the same criteria in order to have satisfactory
flight handling quelities.

One characteristic noted with an overlapped-rotor tendem heli-
copter which was not Included in previous studies of a nonoverlapped-
rotor helicopter (refs. 1 and 2) is the apparent instabllity with air-
speed as reflected by the unstable slope of the curve of longitudinal
control position plotted against airspeed at certaln low alrspeed con-
ditions (0- to 25-knot range). In addition, with the asirspeed constant
in the low range, & large longitudinal trim change appears to result
when the rate of descent (power) is varied within certain limits.

Information should be provided for the designer to indlcate the
possible occurrence of these characteristics and the mechanism by which
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they occur so that consideration can be given during the design stages
to minimize them or shift them to a little-uged flight.condition. Some
recent studles of longitudinal stabllity characteristics at the low end
of the alrspeed range are reported herein for an overlapped-type tandem-
rotor helicopter.

Ja\'s

SYMBOLS

vertical component of helicopter veloclty along flight path,
positive for climb, fps ,

horizontal component of helicopter velocity along flight path,
knots or fps as indicated —

blade radius, ft
rotor angular velocity, radians/sec

average induced inflow velocity of isolated rotor, always
positive, fps -

difference between induced velocities of front and rear
rotors, positive when rear rotor value is greater, fps

. -V, -
inflow ratio, assumed herein equal to -_l%ﬁ?—_

difference between inflow ratios of front and rear rotors,
positive when inflow ratio of rear rotor is greater

rotor thrust, component of rotor resultant force parallel to
axls of no feathering, 1lb '

mass density of air, slugs/cu ft

tip-speed ratio, assumed to be equal to Vh/ﬂR

angle between axis of wake and normsl to tip-path plane,

epproximately tan™T 3%

blade-section pitch angle; angle between line of zerc lift of
blade section and plane perpendicular to axls of no feath- .
ering, deg
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Jale] difference between collective pitch angles of front and rear
rotors, positive when pitch of rear rotor is greater, deg

Co rotor-thrust coefficient, -—E—E———E
7R p(QR)
Vhov average jnduced veloclty of isolated rotor in hovering flight,

always positive, fps

A bar over a symbol indicates a parameter expressed as a ratio to
v L[]
Vhov

hovering induced velocity V.. For example, V=

DESCRIPTION OF HELICOPTER AND EQUIPMENT

A three-view drawing showing the general arrangement and principal
dimensions of the helicopter used for these studies is shown in figure 1.
The approximate physical characteristics are listed in table I. The
helicopter has conventional controls: cyclic pitch stick, directional
control pedals, and collective pitch stick with throttle control. Longi-
tudinal control is accomplished by longitudinal cyeclic pitch and differ-
ential collective pitch, the latter providing about 85 percent of the
pltching moment. A calibration of the longitudinal cyclic pitch and the
differential collective pitch for a neutral setting of the trim control
is shown in figure 2. This calibration provides a means of converting
the control-stick positions to actual velues of pitch on the rotors.

The helicopter was equipped with synchronized standard NACA recording
instruments that recorded control position, altitude, airspeed, linear
and angular accelerations sbout the three principal exes of inertla, and
angle of attack at the nose of the hellicopter of the plane perpendiculer
to the rotor shafts.

For most of the data discussed in this paper, the center of gravity
of the helicopter was located I inches forward of the midpoint between
rotors (station 178). A small part of the data, as noted on the pertinent
figures, were obtained with the center of gravity located 13 inches for-
ward of the midpoint between rotors (station 169). For measurements of
an alrspeed cemponent at near zero or negative values, a somewhat unique
pickup system was installed on the helicopter. The airspeed installation
is described in the appendix. Altitude and vertlical veloclty were
obtained from & static-pressure source independent of the alrspeed system.
This source consisted of & static-pressure pickup on a swivel mounting at
the end of a boom extending forward of the fuselagée nose.
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FLIGHT MEASUREMENTS OF LONGTITUDINAL STABILITY

CHARACTERISTICS AT LOW AIRSPEEDS

Stebility With Speéd

The &tabllity with speed of the hellcopter at low alrspeeds was
studied by means of the following procedure: The helicopter was trimmed
in forward flight at an alrspeed of about 25 knots at & glven power. A
range of airspeed (approximately -10 to 40 knots) was traversed by slowly
and continuously reducing airspeed to the minmimum &t a rate of ebout
1 knot per second, then increasing to about 4O knots, and reducing again
to the starting trim value. The collective pitch and throttle settings
were kept constant throughout each cycle of alrspeed variation. Data
obtalned from records of longitudinal control position during the cycle
of alrspeed variation, when plotted against airspeed, are then indica-
tive of the change 1n longitudinal pitching moments acting on the heli-
copter with change in airspeed from a trimmed value; that is, they are
indicative of the stability with airspeed of the helicopter.

The variation of stick position with airspeed for the subject heli-
copter at several power conditions is shown in figure 3. The power con-
ditions are designated A, B, C, and D, and are defined 1n table II in
terms of the resulting trimmed flight perasmeters. As illustrated by the
plots of figure 3 the helicopter is generally slightly unstable with air-
speed above about 20 knots and becomes relatively stable below about
20 knots for all power conditions shown except power condition B. For
power condition B, with decreasing alrspeed, the helicopter apparently
undergoes a relatively large nose-up trim change at about 15 knots which
requires nearly full nose-down control to overcome.

In figure L4 plots are presented showing the variation with airspeed
of the rate of change of altltude (V&) for the cases shown in figure 3.
These plots show, 1n general, that different rates of descent mesy result
at the same airspeed and power, depending upon whether the airspeed is
slowly Increasing or decreasing. Thus, in this case, the technique of
slowly varying alrspeed at constant power and collective pitch does not
provide a reliable or repeatable means of obtaining speed stability data.

Trim Change With Vertical Veloclty

In an effort to define further the flight conditions for which the
extreme forward (or nose-down) longitudinsl control is required for trim,
control position records were obtained for steady rates of climb and
descent at two airspeeds. These date are shown in flgure 5 as plots of
control position against vertical velocity for indicated airspeeds of

[ TP
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13 knots and 25 knots. It is shown by these plots that at each airspeed
the control position required for trim is influenced by the vertical
velocity; thus, at constant airspeed a trim change with power is indicated.

Figure 5 shows that, at each airspeed considered, increasingly for-
ward control positions are required for trim as the vertical velocity
decreases until values of about -10 feet per second (that is, descending)
are reached. For vertical velocities greater than -10 feet per second
(higher rates of descent), the trend of control positions for trim is
rearward. The plots in figures 5(a) and 5(b) for 13 knots and for
25 knots, respectively, show generally similar trends. There does, how-
ever, appear to be a tendency for the meximum forward control position
for trim to occur at slightly more negative vertical velocities and to
be farther forward for the 13-knot airspeed than for the 25-knot airspeed.

Significance of Measured Characteristics

Existing criteria for satisfactory flying qualities for helicopters
(for example, refs. 3 and 4) indicate the desirability of positive static
longitudinal control position stability with speed at all steady flight
conditions. The presence at low alrspeeds of instability with speed and
of large longitudinsl trim changes with power conflicts with the especial
need for good handling characteristics during the landing approach maneu-
ver. Thus, of possible importance to the immediate safety of a given
design configuration are the large trim changes with power in the low
ailrspeed range presented in the previous section. The flight measure-
ments indicate the possibility that critical amounts of longitudinal
control may be required at certain combinations of airspeed and power.
Should the critical combinations be within the range used during power-on
landing approaches, dangerous flight sttitudes can result with insuffi-
cient longitudinal control remaining for recovery. The possible need
for excessive control at any flight condition might also bear directly
on autopilot performance and particularly when the use of the autopilot
is considered in conjunction with an approach coupler or other automatic
landing approach devices.

It may be desirable, in order to provide added awareness on the
part of the designer of & new configuration of the possibility of insuf-
ficient longitudinal control at some flight condition, to emphasize in
future criteria the need for investigation of sufficient combinations
of power and alrspeed to insure that critical amounts of longitudinsl
control have been determined. It may not be feasible to eliminate com-
pletely all trim changes or excessive control requirements. However,
it may be possible by proper selection of design variables to provide
a safe margin of control at the critical combinations of power and alr-
speed and to set these critical combinations at a little-used flight
condition.
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COMPARISON OF FLIGHT MEASUREMENTS AND THEORETICAL
ESTIMATES OF TRIM CHANGE

It is believed that the measured characteristics which have been
rresented reflect both the effects of direct mmtual interference between
the flow fields of the two rotors and the effects of one or both rotors
approaching the vortex-ring flow state. It 1s considered desirable to
show the correlatlion that exlsts between measured date and predicted
effects of flow interference between the front and rear rotors and to
polnt out that portion of the flight regime which should be affected by
unsteady vortex-ring flow conditions.

Procedure for Predicting Trim Change

The net difference of interference-induced velocities at the front
rotor and at the rear rotor wes estimated from the charts of both refer-
ences 5 and 6. The charts of reference 5 are based on the assumption
of uniform local disk losding and those of reference 6 are based on an
assumed triangular local disk loading. Thus, the effects of the two
assumed disk loadings on calculated control position variations can be
seen. Figure 6 shows plots of the ratio of the net average interference
velocity to the average front-rotor induced velocity (positive for net
effect on the rear rotor) against rotor wake angles. The velocity ratios
were derived from the cherts of both references 5 and 6 for the particular
geometry (rotor spacing, vertical gap and overlap) of the helicopter used
for these flight measurements. At each wake angle for which the charts
are presented in references 5 and 6, the average value of the interference-
induced velocity was determined by averaging the interference-induced
velocities along the longitudinal center line of the rotors. It should
be noted, in regard to the estimation of wake velocitles in such a man-
ner, that the use of the data for an assumed uniform losding (ref. 5)
might be expected to provide a more representative value for interfer-
ence purposes than would the use of data for an assumed trianguler
loeding (ref. 6). This arises from the fact that, since only the induced
velocities in a plane through the rotor center line are used, the assumed
uniform loading results In a value of Induced velocity at the rotor cen-
ter which is more representative of an average along the lateral axis than
the value of zero resulting from the assumed trlanguler loading.

The interference-induced velocities shown in figure 6 were considered
to represent differences between the operating conditions of the front
and rear rotors which required specific collective pitch differences to
provide for no thrust differentisl between rotors, that 1s, no longltu-~
dinal moment acting on the helicopter. Calculation of the control posi-
tion or differential collective pitch for a given flight condition, the
center of gravity belng midway between rotors and only rotor contribu-
tions being considered, was then accomplished with the following procedure:
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The inflow differences between the front and rear rotors which
reflect the interference-induced velocitles were determined in the fol-
lowing mammer: As defined herein,

-V& -V

A= =

_Vn

L= @R

where Vi, 1is measured in feet per second. Expressing these parsmeters
in terms of nondimensionsl velocitles by dividing the appropriate terms

by the hovering induced velocity vpgy = QRVGT/2 yields

A= (-V, - ¥)cg/2
w = Tnfce/2

wherein a bar over a symbol representg the ratio of the parameter to the
hovering induced velocity.

From reference 5, ¥ = tan~1 %? (neglecting flaspping) which upon
substituting the relatlonships for A and P becomes

Vh

X = tan™t ——0
Vv + ¥

Since the front and rear rotors are subject to the same vertical
velocities Vy, the difference in inflow ratio between the two rotors

is caused by a difference in the induced-velocity parameter V. Thus,

D\ = =AV CT/2
M _ o
e v

From the expression for the induced velocities,

Vhov = QRVE;7E
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and
2
o o1/
7\2+u2

vV =

along with the definitions for A and W, the relatlonship between
Vv, Vh, and ¥ becomes

7= L

V(T + 7)2 + 7,2

If these equations are sumarized,

Jar AV
e (”
% = ten-l _'B - (2)

V& + v

and -
¥ 1 (3)

) Ty + 7)° + T2
V( v ) h

From equations (1) to (3) it is seen, since AV/V is a function of the
wake angle (fig. 6) and Vv 1n equations (1) and (2) can be related to

Vv and Vh by equation (5 that the parameter AN can be eveluated
_ _ /or/2
as a function of Vh and V& alone. Thus, the difference in operating

conditions of the front and rear rotors can be found for various combina-
tions of forward velocity and vertical velocity (Vh and Vg, respectiveLy).

The parameter representing a change in differential collective pltch
needed to keep the thrust difference between the front and rear rotors
zero (that is, no longitudinal pitching moments) with an inflow dilfference
on the rotors was calculated by the following relationship:

Y d8 oCr A\

V—OT—/§ - BCT AA ‘{CT/Q

The quentities 38/3Cp and dCp/ON are essentially constant throughout

the low alrspeed range (p pS 0.1) and, from the charts presented in ref-
erence 7, are estimated to be
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—% = -0.
= 0.0796

98 _ _ 1,130 deg/unit (
Son = - g/ Cp

Jat:)

VCz/2

difference on the rotors, the average thrust coefficient should be used.
In order to determine the actusl control-stick travel for a given heli-
copter, a calibration of dlfferential cyclic pitch with stick position,
such as thet shown in figure 2, can be used.

In order to convert the parameter to the actual cyclic pltch

In the foregolng procedure fuselage and tall moments have been
neglected and the longitudinal tilt of the rotor tip-path planes {longi-
tudinal cyeclic pitch) caused by control stick motion was neglected both
in determining the relative positions of the rotors for estimating inter-
ference values from figure 6 and in determining the control positions
needed to produce the necessary moments. Estimates of the probable con-
tribution to the longitudinal moments of the fuselage and tail surfaces
show that, for the flight conditions studied, the change in moments to
be expected from this source is relatively small (about 5 percent of
control authority) compared with the rotor moments. It is believed that
the effects of tip-path-plane tilt would tend to be compensating and
small, and thus the calculated control variation should be a reasonable
estimate of the variations caused by rotor interference.

Comparison of Calculated and Measured Data

By using the procedure discussed in the previous sectlon, control
position vaeriations with vertical veloclty were calculated for the two
forward asirspeeds (13 knots and 25 knots) for which experimental date
were presented in figure 5. The calculations were made by using the
theoretical interference veloclities for the two assumptions of uniform
local disk loading end triangulsr disk loading. These data along with
the measured control positions shown in figure 5 are shown in figure T

as plote of the control parameter 48 against vertical veloelty for
/Cr/2
the two speeds (designated nondimensionslly as VL = 0.85 and 1.60) for
which the measured data were obtained. The approximate region for which
the front rotor is estimated to be affected by vortex-ring flow condi-
tions is indicated in figure 7. The amount of nose-down control aveil-
able on the test helicopter is also indicated on the figure. For the
calculated curves only the control needed to overcome interference
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effects between rotors is considered; thus, except for the data well into
the vortex-ring flow region, it appears from figure 7 that the major
trends of the measured varietlon of longitudinsl trim changes can be
fairly well accounted for by predicted effects of front rotor wake acting
on the rear rotor.

At the smaller rates of descent, the measured data for Vh 0.85
(fig. 7(a)) and Vh 1.60 (rig. T(b)) show a trend of nose-down or

forward~control position as the vertical veloclty parameter is decreased
(descending) similar to that indicated by the calculations based on inter-
ference. As can be explained by the conslderations previously noted, the
slope of the date more nearly asgrees with the calculations based on unl-
form local disk loadlng. Once the front rotor is well into the region
for vortex-ring flow, there appears to be little correlation between the
measured trends and those predicted by either method. Although in this
region conslderable scatter in the measured points 1s spparent, in gen-
eral the data show a trend toward rearward control. Such a trend might
be expected when the front rotor is operating sufflciently far into the
region identified wlth vortex-ring flow state to have an unstable varia- -~
tion of thrust with collective pitch.

It is possible that the proximity to the vortex-ring flow state
might also affect the degree of agreement of the meassured and predicted
trends at the lower rates of descent. The agreement shown, however, is
considered sufficient to warrant the use of the method without such addi- -
tional refinements for exploring the possibility of excessive longitudinal
control requirements at various flight conditions. The degree of agree-
ment also appears to be sufficlent to warrant use of the method during -
the design stages to examine potentlal control requirements at the most
severe condition of rotor interference and to aid in placing the condi-
tion for maximum control need at some little-used flight condition.

Theoretical Indications of the Effects of Rotor }
Interference on Longitudinal Control

In order to explore the possibility of excessive longitudinal con-
trol requirements for a range of flight conditions, calculations were
made at one lower (Vh =~ 0. 40) and one higher (Vh = 2. 50) alrspeed con-

dition than those for which experimental data were obtalned. These datea

are shown in figure 8 along with the two curves previously presented for
comparison purposes. As might be expected from the relative magnitudes

of the maximum interference-induced velocities shown in figure 6 for the

two assumed disk loadings, the estimaetes of control requirements shown : -
in figure 77 based on uniform local disk loading indicate the possibility *
of much more severe maxlmum nose-down control requirement than those
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estimates based on trisngular local disk loading. Comparison of fig-
ures 8(a) and 8(b) shows that the trends of control required as airspeed
and vertiecsl velocity vary are similar for the two assumed variations of
disk loading. The trends show that, at all airspeeds considered, large
amounts of longitudinal control are predicted for trim at some rate of
descent. The predicted curves also show the tendency, noted previously
in the discussion of the experimental data, for the longitudinel control
requirement to be more severe at the critical conditions for the lower
alrspeeds.

The curves for the lowest airspeed.(vh = o.ho) shown in figures 8(a)

and 8(b) also suggest that more than one trim control position may exist
at high rates of descent at that airspeed. The theory is known to be
inadequate for calculating induced velocities in this region. An exami-
nation of values of induced veloclty obtained from the semiempirical
treatment of reference 8 for this airspeed region, however, appears to
support the existence of more than one trim position.

CONCLUSIONS

The indications of some studies of static longitudinal stebillity
and control characteristics of an overlepped tandem-rotor helicopter at
low forward airspeeds can be summarized as follows:

1. Different rates of descent may be obtalned at the same slowly
chenging forward alrspeed and constant power depending upon whether the
condition 1s approached from lower or higher alrspeeds; thus, for very
low airspeeds, the technique of slowly varying airspeed at constant
power and collective pitch does not provide a reliable or repeatable
means of obtaining relisble speed stabllity deta.

2. At certain combinatlions of low forward airspeeds and power (rate
of descent), a critical emount and rate of change with power of longi-
tudinal control is required to maintain trimmed flight for the test
configuration.

5. Estimates based on theoretically predicted interference between
rotors operating in tandem show that the interference between the rotors
at certaln flight conditions could provide a potential source of larger
moments than cen be counteracted by amounts of longitudlnal control
generally provided for tandem configurations.

., For a tandem configuration it appears desirable during the design
stages to use theoretical procedures such as those provided herein to
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examine the potential control requirement at the most severe condltion

of rotor interference and to place the condition for maximum control
need at some little-used flight condition.

Langley Aeronsuticel Laboratory,
Netional Advisory Committee for Aeronautics,
Langley Field, Va., August 26, 1958.
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APPENDIX
INSTATTATTION FOR MEASURING LOW AIRSPEEDS

In order to provide a measurement of airspeed at near zero or nega-
tive values, a system of four double-ended shielded tubes were installed
on the helicopter. The locations at which the tubes were installed are
noted in figure 1. A schemstic diagram of the 1nstallation and detalls
of the pickup tubes are shown in figure 9.

The pickup tubes were designed through wind-tunnel tests with the
intent of providing a total-pressure and low-pressure reference source
which would measure essentially a component of airspeed along the axis
of the tube. For forward alrspeeds the forward end of the tubes acted
as pressure pickups, the rearward end supplying the low-pressure ref-
erence. Conversely, for rearward alrspeeds the rearward end of the
tubes became pressure plckups, the forwaerd end acting as a reference.
Four locations were used to averege out the effects of local flow varia-
tions and to provide a basically symmetrical pickup system applicable
to both forward and rearward alrspeeds.

The pickup tubes were manifolded together and connected to the
pilot's indicator and recorder. A calibration of the system was made
in level flight by pacing the helicopter with a ground vehicle and by
hovering in known wind velocities. This callbration, used to relate
the flight condition to nondimensional air-flow parameters, 1s shown in
figure 10. Figure 10 shows that the calibration of the system is approxi-
mately linear above about 20 knots and indicates progressively higher
than calibrated sirspeed as the airspeed is increased. Also, the cali-
bration of the alrspeed system appears to be nonlinear below about 20 knots
and provides an indicated alrspeed of about 10 knoits rearward for call-
brated zero airspeed. No calibration of the sirspeed system was mede in
other than level flight; however, as already mentioned, the pickup tubes
were developed to provide essentially a cosine-wave calibration of pres-
sure difference against flow angle. Thus, the system should indicate a
pressure difference approximately proporfional only to the component of
girspeed along the axis of the tubes. Pilot's comments during the flight
tests showed that, in sccordance with the initial design intention of the
pickup tubes, the indications were relatively unaffected by vertical
velocity.
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TABLE I

APPROXIMATE PHYSICAL. CHARACTERISTICS OF HELICOPTER

Gross weight, 1b . . .
Thrust coefficient, Cr, average of both rotors .

Pitching moment of inertia, slug-ft2

Number of blades per rotor . ..

Diameter of each rotor, £t . . .

Distance between rotor shafts, ft

Vertical distance between plane of rotors, ft .

Solidity (chord weighted according to radius squared)

Blade mass constant (ratio of air forces to lnertia
forces) .

Longitudinal cyclic pitch per inch of stick deflec-
tion, deg . .

Differential collective pitch per inch of stick
deflection, deg

Horizontal-stabillzer projected area, approximate, sq ft .

Total vertical-stabilizer proJected area, approximate
sq ft . .

Allowable center-of-gravity range, inches forward of
midpoint between rotors . .

15

5,600
0.0055

. 11,000

21.9
1.8
0.039

7.5
1.09

0.68
48

31

=T to 13



DEFINITION OF POWER CONDITIONS IN TERMS OF

TRIMMED FLIGHT PARAMETERS

Trimmed values

Rotational
Designation Engl
of power |Alrspeed,|Vertical | velocity of - ma.szgid Outside alr |Pressure
condition Vi, veloclty, i pressure, |vemperature, |altitude,
knots Vy, fps |Rotor, |Engine, in. Hg ’ Op £t
rpm rpm
A 2 9 275 2,315 39 b5 3,350
B 20 0 275 2,375 35 38 3,Tr0
C 22 -8 275 2,375 30 45 3,200
D 25 -11 275 2,375 a5 ko 3,400

9T
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Figure 1.- Three-view drawing of helicopter used for flight measurements.
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several power conditions. Power conditione are defined in table IIT.
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Figure 4.- Variation of vertical velocity with indicated airspeed for
several power conditions. Power conditions are defined in table II.
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Figure 5.- Plots of longitudinel control position against vertical
' velocity at constant indicated airspeed.
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Figure 6.~ Theoretical interference-induced veloclty ratio for helicopter plotted against angle
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